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L'archive ouverte pluridisciplinaire HAL, est destinée au dépôt età la diffusion de documents scientifiques de niveau recherche, publiés ou non, emanant desétablissements d'enseignement et de recherche français ouétrangers, des laboratoires publics ou privés. T ype 2 diabetes mellitus (T2DM) is commonly associated with disorders in lipid metabolism including elevated plasma free fatty acid (FFA) concentration and ectopic lipid deposition in multiple peripheral tissues such as skeletal muscle (1, 2) . Ectopic lipids mainly accumulate as triacylglycerol (TAG) . An inverse association between intramyocellular triacylglycerol (IMTG) content and peripheral glucose disposal (measured by euglycemic hyperinsulinemic clamp) has been repeatedly reported (3) (4) (5) . It has been proposed that reduced capacity for skeletal muscle fat oxidation, potentially due to mitochondrial dysfunction could contribute to IMTG accumulation, lipotoxicity, and insulin resistance (6, 7). However, evidence for a frank mitochondrial dysfunction in skeletal muscle in obesity and T2DM and its role on muscle lipid accumulation is lacking as recently reviewed (8, 9). Alternatively, elevated skeletal muscle FFA uptake could also contribute to elevated IMTG in obesity-associated insulin resistant states. It is still unclear at this point whether skeletal muscle FFA transport is increased in obese and type 2 diabetic subjects with studies showing either an increase (10) or no difference (11, 12) compared with lean controls. Thus, the cause of IMTG accumulation in sedentary subjects is poorly understood so far.
It is now accepted that it is not IMTG per se that induces insulin resistance but rather some lipotoxic intermediates such as diacylglycerol (DAG) and ceramides, which alter insulin signaling and action (7, 13-15). We hypothesized first that IMTG accumulate mainly as a consequence of increased adiposity and second that a dysregulation of IMTG turnover and lipolysis in skeletal muscle could contribute to elevated DAG and ceramides content. Lipolysis is the main catabolic reaction leading to the hydrolysis of one molecule of TAG into three fatty acid molecules (16). High rates of lipolysis and FFA release could contribute to de novo ceramides synthesis by generating palmitoyl-CoA as shown in C2C12 myoblasts overexpressing adipose triglyceride lipase (ATGL) (17). In addition, an inability to completely hydrolyze TAG, due to an imbalance of TAG relative to DAG hydrolase activities, could contribute to increased DAG availability (18). To the best of our knowledge, there are currently no data available on the potential anthropometric and biochemical determinants of intramyocellular lipids (including DAG and ceramides) in humans. In the present study, we aimed first to identify the potential determinants of intramyocellular lipids (TAG, DAG, and ceramides) in sedentary humans and second to evaluate the role of skeletal muscle lipolysis as a determinant of markers of intramyocellular lipotoxicity (DAG and ceramides) and insulin sensitivity.
Subjects and Methods

Subjects
Forty-eight sedentary male (n ϭ 24) and female (n ϭ 24) subjects were recruited in the study. Ten of 48 subjects had T2DM and were treated mainly with sulfonylurea, metformin, or diets. None of them were taking thiazolidinediones. The subjects had a wide range of body composition, age, insulin sensitivity, and metabolic status ( Table 1) . The subjects were recruited based on a sedentary lifestyle determined by activity index questionnaire and were not enrolled in any structured sports activities. The protocol was approved by the Institutional Review Board of the Pennington Biomedical Research Center, and all volunteers gave written informed consent. After completing the screening visit, total fat mass was measured on a dual-energy x-ray absorptiometer (QDR 4500A; Hologic Inc., Bedford, MA). The participants were asked to refrain from vigorous physical activity for 48 h before presenting to the Pennington inpatient clinic and ate a weight-maintaining diet consisting of 35% fat, 16% protein, and 49% carbohydrate 2 d before the clamp and the muscle biopsy. The muscle biopsy was performed in the morning after a 10-to 12-h overnight fast and before the clamp. Samples of vastus lateralis weighing 60 -100 mg were obtained 
Hyperinsulinemic euglycemic clamp
Insulin sensitivity was measured by hyperinsulinemic euglycemic clamp. After an overnight fast, insulin (80 mU/ m Ϫ2 ⅐ min Ϫ1 ) and 20% glucose were administered for 2 h to maintain plasma glucose at 90 mg/dl. At this infusion rate, insulin has been previously shown to suppress more than 95% of hepatic glucose output in subjects with and without T2DM, and the glucose disposal is mainly dependent on skeletal muscle (20, 21). Plasma levels of glucose and insulin were measured in triplicate at 5-min intervals at baseline and during steady state from 95 to 120 min. Glucose disposal rate (GDR) expressed in mg/min Ϫ1 was adjusted for the estimated metabolic body size (kilograms of fat free mass ϩ 17.7) (22). Fat-free mass was calculated as the difference between body weight and total fat mass.
H-magnetic resonance spectroscopy (MRS)
Intramyocellular lipids (IMCL) were measured in the soleus and tibialis anterior muscles of the right calf by a 1 H-MRS technique on a GE Signa Excite 3T. 12.0-m5 build whole-body imaging and spectroscopy system using the Point Resolved Spectroscopy (PRESS) box technique (23). Measurements were acquired with volunteer lying in the supine position with right leg positioned inside a commercially made radiofrequency 1 H knee coil with the knee in the extension and ankle in a neutral position. IMCL contents were determined from the average of the sum of three PRESS boxes in the soleus and one PRESS in the tibialis anterior. Summing the signals increases the signal to noise ratio. Peak positions and areas of interest were determined by time domain fitting using Java-based magnetic resonance user interface and a set of prior knowledge files (24, 25) . Areas of all peaks were normalized to the corresponding internal water peak as previously described (3).
Lipase activity assays
TAG and DAG hydrolase activities were measured on muscle tissue homogenates as previously described (26) . Briefly, triolein and 1(3)-mono-oleyl-2-O-mono-oleylglycerol were emulsified with phospholipids by sonication. Triolein is a triglyceride containing three oleic acid specifically used to determine TAG hydrolase (TAGH) activity. 1(3)-mono-oleyl-2-O-mono-oleylglycerol is a DAG analog used to measure specifically the DAG hydrolase (DAGH) activity because it is not a substrate for monoacylglycerol lipase. Lipase activity data were normalized to total protein content determined in each sample and expressed in nanomoles per minute Ϫ1 per milligram Ϫ1 . We also calculated the ratio of DAGH to TAGH activity as a marker of complete TAG hydrolysis.
TAG and DAG determination by gas chromatography/mass spectrometry
Total lipids were extracted from frozen muscle tissue using the method of Folch et al. (27) . The extracts were filtered and lipids recovered in the chloroform phase. TAG and DAG were isolated using thin-layer chromatography on Silica Gel 60 A plates developed in petroleum ether, ethyl ether, and acetic acid (80:20:1) and visualized by rhodamine 6G. The TAG and DAG band was scraped from the plate and methylated using BF3/ methanol as described by Morrison and Smith (28) . The methylated fatty acids were extracted with hexane and analyzed by gas chromatography using an HP 5890 gas chromatograph equipped with flame ionization detectors, an HP 3365 Chemstation, and a capillary column (SP2380, 0.25 mm ϫ 30 m, 0.25 m film; Supelco, Bellefonte, PA). Helium was used as a carrier gas. The oven temperature was programmed from 160 C to 230 C at 4 C/min. Fatty acid methyl esters were identified by comparing the retention times to those of known standards. Inclusion of the internal standards, 20:1 (trieicosenoin) and 17:0 (diheptadecanoin), permits quantitation of the amount of TAG and DAG in the sample. The absolute quantity of total and each subspecies of TAG and DAG was calculated and expressed in microgram per milligram wet tissue weight.
Ceramides determination by electrospray ionization tandem mass spectrometry
Ceramides was quantified by electrospray ionization tandem mass spectrometry as previously described (29) . Briefly, lipid extracts were prepared by the method of Bligh and Dyer (30) in the presence of non-naturally occurring Cer 14:0, Cer 17:0. Samples were analyzed by direct flow injection on a Quattro Ultima triple-quadrupole mass spectrometer (Micromass, Manchester, UK) using a HTS PAL autosampler (Zwingen, Switzerland) and an Agilent 1100 binary pump (Waldbronn, Germany) with a solvent mixture of methanol containing 10 mM ammonium acetate and chloroform [3:1 (vol/vol)]. A flow gradient was performed starting with a flow of 55 l/min for 6 sec followed by 30 l/min for 1 min and an increase to 250 l/min for another 12 sec. Ceramides was analyzed using a fragment of mass to charge ratio 264 with N-heptadecanoyl-sphingosine as internal standard. Both ions [MϩH] ϩ and [MϩH-H 2 O] ϩ were used and quantification was achieved by calibration lines generated by addition of Cer 16:0, 18:0, 20:0, 24:1, and 24:0 to tissue samples. Correction of isotopic overlap of ceramides species as well as data analysis was performed by self-programmed Excel macros according to the principles described previously (31) . The absolute quantity of total and each subspecies of ceramides was calculated and expressed in nanomoles per milligram wet tissue weight.
Statistical analyses
All statistical analyses were performed using SAS 9.1 Service Pack 4 for Windows (SAS Institute Inc., Cary, NC), and figures were generated using GraphPad Prism 5.0 for Windows (GraphPad Software Inc., San Diego, CA). The relationships between intramyocellular lipid content (IMTG, DAG, and ceramides) and anthropometric and clinical variables were analyzed using Spearman rank correlations. Differences in intramyocellular lipids according to gender (female vs. male), obesity (obese vs. nonobese), and interactions were analyzed using the mixed model. Tukey-Kramer post hoc multiple comparison tests were performed to evaluate specific differences between groups. Significant variables were then included in multivariate stepwise regression analyses after ln transformation to achieve normal distribution to identify the best predictors of IMTG, DAG, and ceramides. All values in figures and tables are presented as mean Ϯ SEM. Statistical significance was set at P Ͻ 0.05.
Results
Subject characteristics
The anthropometric and clinical characteristics of the population are presented in Table 1 . As expected, the obese subjects had higher body weight, percentage of body fat, fasting glucose, FFAs, insulin, and triglycerides compared with the lean. Thus, the obese group had reduced whole-body insulin sensitivity as measured by clamp. The obese group was slightly older and included 10 subjects with T2DM (Table 1) .
Influence of gender and obesity on IMTG
A significant effect of obesity (P ϭ 0.0094) and gender (P ϭ 0.0004) was found on total IMTG content, with no interaction between gender and obesity (P ϭ 0.43) (Fig. 1) .
Determinants of IMTG
IMTG was positively correlated with age, body mass index (BMI), body fat, and skeletal muscle TAGH activity (Table 2) . Similarly, IMCL both in soleus and tibialis anterior was positively related to age, BMI, body fat, and fasting FFAs (data not shown). Of importance, IMTG was positively correlated with intramyocellular DAG (r ϭ 0.38, P ϭ 0.01) and ceramides (r ϭ 0.51, P ϭ 0.002). We next performed multivariate regression analyses to identify the determinants of IMTG. In a model including age, body fat, gender, obesity, and skeletal muscle TAGH activity as independent variables, body fat was the best predictor of IMTG, explaining 44% of its variance (P Ͻ 0.0001) (Table 3) . Consistently, using the same regression model, body fat was the main independent determinant of IMCL measured by 1 H-MRS in tibialis anterior (r 2 ϭ 0.30, P ϭ 0.0054). Body fat remained the best predictor of IMTG in moderately obese subjects with BMI less than 35 kg/m 2 (r 2 ϭ 0.40, P ϭ 0.0001). The percentage of body fat was a better predictor of IMTG in lean (r 2 ϭ 0.70, P ϭ 0.0025) compared with obese subjects (r 2 ϭ 0.42, P ϭ 0.02).
Influence of gender and obesity on intramyocellular lipases activity
A significant and independent effect of gender (P ϭ 0.015) and obesity (P ϭ 0.037) was found on TAGH activity, with no significant interaction between gender and obesity (P ϭ 0.10). TAGH activity was higher in females vs. males (Fig. 2A) . DAG hydrolase activity and the ratio of DAGH to TAGH activity were lower in obese vs. nonobese subjects (0.44 Ϯ 0.02 vs. 0.53 Ϯ 0.03 nmol/ min Ϫ1 ⅐ mg Ϫ1 , P Ͻ 0.0001 and 16.4 Ϯ 1.3 vs. 27.7 Ϯ 2.2 arbitrary units, P Ͻ 0.0001, respectively). There was no gender difference in DAGH activity and the ratio of DAGH to TAGH activity and no interaction between obesity and gender (Fig. 2, B and C) .
Influence of gender and obesity on intramyocellular diacylglycerol and ceramides
Intramyocellular DAG and ceramide levels were not different between males and females irrespective of their fatty acid profile. Intramyocellular DAG (0.33 Ϯ 0.05 vs. 0.13 Ϯ 0.01 g/mg, P Ͻ 0.01) and ceramides (0.022 Ϯ 0.002 vs. 0.015 Ϯ 0.002 nmol/mg, P ϭ 0.02) content was elevated in obese vs. nonobese subjects. When we looked specifically into the fatty acid profile, we noticed a significant increase in DAG containing oleic acid (18:1) (P ϭ 0.01) and saturated ceramide concentrations (P Ͻ 0.0001) in obese vs. nonobese subjects (Fig. 1, B and C) . We found a positive relationship between DAG and ceramides (r ϭ 0.54, P ϭ 0.0009). DAG and ceramides were not correlated with age, BMI, body fat, and fasting FFAs (Table 2) . However, these two lipid species were correlated with the skeletal muscle TAGH activity and even stronger with the ratio of DAGH to TAGH activity ( Table 2) .
Determinants of intramyocellular DAG and ceramides
We next investigated the determinants of intramyocellular DAG concentration. In a model including obesity, gender, IMTG, ceramides, and the ratio of DAGH to TAGH activity as independent variables, the ratio of DAGH to TAGH activity was the strongest determinant of DAG, explaining more than half of the variance (r 2 ϭ 0.54, P Ͻ 0.0001) (Table 3) . Similarly, in a model including obesity, gender, IMTG, DAG, and the ratio of DAGH to TAGH activity as independent variables, ceramide content was best predicted by the ratio of DAGH to TAGH (r 2 ϭ 0.38, P ϭ 0.0002) ( Table 3 ). To exclude the confounding effect of T2DM on these relationships, we repeated the analyses in non-T2DM subjects only. The ratio of DAGH to TAGH activity remained the major determinant of skeletal muscle DAG (r 2 ϭ 0.65, P Ͻ 0.0001) and ceramides (r 2 ϭ 0.48, P ϭ 0.0002). b Independent variables included in the model were obesity, gender, ceramides, IMTG, and the ratio of DAGH to TAGH activity.
c Independent variables included in the model were obesity, gender, DAG, IMTG, and the ratio of DAGH to TAGH activity. , and the ratio of DAGH to TAGH activity (C), in lean and obese subjects. Statistical analyses were performed using two-way ANOVA. *, P Ͻ 0.05 when compared with lean; #, P Ͻ 0.05 when compared with male.
Lean
Relationship between intramyocellular lipids and insulin sensitivity
Insulin sensitivity was lower in obese vs. nonobese (P ϭ 0.01) subjects, with no significant effect of gender (P ϭ 0.78) and interaction (P ϭ 0.28). As shown in Table 2 , insulin sensitivity was negatively correlated with anthropometric indices of fatness such as BMI, body fat, and fasting FFAs as well as to all three intramyocellular lipid species measured (Table 2 ). This finding was further supported when IMCL measured by 1 H-MRS was also inversely related to insulin sensitivity in soleus (r ϭ Ϫ0.48, P ϭ 0.02) and tibialis anterior (r ϭ Ϫ0.40, P ϭ 0.06). Importantly, the relationship between IMTG and insulin sensitivity was lost after adjustment for intramyocellular DAG content (r ϭ Ϫ0.18, P ϭ 0.36). Of interest, insulin sensitivity was positively correlated with the skeletal muscle DAGH activity and the ratio of DAGH to TAGH ( Table 2) .
Discussion
In the present study, we investigated for the first time in humans the determinants of intramyocellular lipids including the two insulin resistance-inducing lipid species DAG and ceramides and related these to insulin sensitivity. We found that IMTG is primarily related to the percentage of body fat in sedentary populations, whereas intramyocellular DAG and ceramides are mainly determined within the skeletal muscle by the ratio of DAGH to TAGH activity, a marker of lipolysis, and independent of adiposity. An imbalance of TAGH relative to DAGH activity might contribute to intramyocellular lipotoxicity and insulin resistance. These data suggest a previously underappreciated link between skeletal muscle lipolysis, lipotoxicity, and insulin resistance.
The strength of the present study is that we measured simultaneously all three intramyocellular lipids species (TAG, DAG, and ceramides) in biopsy samples obtained from a well clinically phenotyped population. Of importance, intramyocellular DAG and ceramides were measured using gold standard mass spectrometry methods as previously discussed (29) . We also investigated for the first time the hypothesis that skeletal muscle lipase activity might determine intramyocellular lipotoxicity and therefore insulin resistance in the fasted condition. Alternatively, increased plasma FFA fractional extraction by the skeletal muscle during the postprandial condition and a mismatch between FFA uptake and oxidation could likely contribute to lipotoxicity and insulin resistance (8, 32) . One limitation of the present study could be due to the direct measure of IMTG in vastus lateralis biopsies that could be contaminated by infiltrated adipocytes. However, in support of these findings, we observed similar associations between markers of adiposity and IMCL in a subgroup of subjects in which IMCL was measured by 1 H-MRS in soleus and tibialis anterior. Another limitation is that the present study may be underpowered to capture significant differences in intramyocellular DAG and ceramides between groups, especially in subjects with T2DM. Therefore, we strictly focused our analysis on the effect of obesity and gender on intramyocellular lipids and lipase activity.
Since the late 90s, an inverse relationship between IMTG and insulin sensitivity has been reported by several independent groups (3-5). Later it was shown that this relationship is valid in sedentary populations but modified by the level of aerobic fitness. Indeed, IMTG is adaptatively increased in the muscle of endurance-trained athletes to sustain muscle activity during long-lasting endurance activities and actually positively predicts insulin sensitivity (33) . Several groups demonstrated increased IMTG content in obesity and T2DM and in athletes using various methodologies (11, 33, 34) . Here we show that IMTG is mainly determined by the percentage of body fat in sedentary subjects, regardless of the technique used for its determination [i.e. biochemical (ex vivo) or spectroscopic (in vivo)] and the characteristic of the muscle assessed (i.e. vastus lateralis, tibialis anterior, or soleus). This is consistent with a previous report in which IMTG content in tibialis anterior measured by 1 H-MRS was positively related to body fat (33) but in contrast with another report showing no association between IMTG measured from vastus lateralis biopsies and indices of adiposity in Pima Indians (4) . The discrepancy might be due to the sample size, the methodology used to measure both body fat and IMTG in skeletal muscle, and/or study population characteristics. It has been hypothesized that increased intramyocellular lipid content could result from increased plasma FFA availability and/or reduced fat oxidation, possibly due to mitochondrial dysfunction (7). In the present study, IMCL measured by 1 H-MRS was positively related to fasting FFAs. Increased adiposity and plasma FFA concentrations would therefore be sufficient to increase IMCL content unless skeletal muscle FFA uptake is reduced. This is unlikely because leg muscle FFA fractional uptake is either similar (6) or increased (35) in obese compared with lean individuals. It is then highly possible that IMTG mainly accumulate as a consequence of increased adiposity and plasma FFA availability.
In the present study, we show that intramyocellular DAG and ceramides were not related to any anthropometric parameters, possibly suggesting that lipotoxicity is mainly determined within the skeletal muscle independently of the degree of adiposity. Here we show that the ratio of DAGH to TAGH activity, a marker of incomplete TAG hydrolysis, is a strong determinant of intramyocellular DAG and ceramide content, explaining 54 and 38% of the variance in both lipid species in our population, respectively. A low ratio of DAGH to TAGH activity is associated with elevated intramyocellular lipotoxic lipid species. Mechanistically, this could be driven by a combination of high rates of TAG hydrolysis and reduced DAG hydrolysis in obese subjects. Increased TAG hydrolase activity may contribute to higher fatty acid release and de novo ceramide synthesis by generating palmitoyl-CoA (17). In addition, reduced DAG hydrolase activity contributes to a lower DAG turnover rate and therefore increased DAG availability. Recent studies indicate the presence of ATGL in human skeletal muscle (36, 37) . These studies suggest that ATGL might play an important role in the regulation of IMTG besides hormone-sensitive lipase. Thus, a reduced DAGH to TAGH activity ratio in obese subjects is consistent with the observation of Jocken et al. (37) showing a reduced hormone-sensitive lipase protein expression and lower forearm glycerol release in obese insulin-resistant subjects. Our study provides a common mechanism of synthesis of DAG and ceramides through the activity of skeletal muscle lipases. This observation requires further functional investigation.
We next examined the relationship between intramyocellular lipids and insulin sensitivity. All three lipid classes (TAG, DAG, and ceramides) were negatively correlated with insulin sensitivity. IMTG irrespective of the fatty acid profile, DAG (18:1), and total saturated ceramide content were significantly elevated in obese. This is in agreement with other studies that have shown a link between elevated intramyocellular DAG and ceramide content and insulin resistance in humans (15, 38). There was an independent effect of obesity on all three lipid species. Interestingly, the association between IMTG and insulin sensitivity was lost after adjustment for intramyocellular DAG, suggesting that this bioactive lipid is more mechanistically associated with insulin resistance. For instance, FFA-induced insulin resistance during lipid infusion studies seems to depend mainly on DAG-mediated Ser phosphorylation of insulin receptor susbtrate-1 and inhibition of insulin signaling (14, 15). Insulin resistance, which occurs in response to high saturated fat diets and glucocorticoids, depends more on ceramides (39) . Thus, ceramide synthesis is not affected by mono-or polyunsaturated fat (13). The difference between those studies might depend on the nature of the fatty acid cocktail used to prepare lipid infusion or diets. However, it is still largely unknown how these lipotoxic intermediates accumulate and whether they contribute to insulin resistance simultaneously. In the present study, DAG and ceramides were both moderately related to each other and to IMTG. However, we found that only DAG was a significant determinant of insulin sensitivity, suggesting that DAG could be more mechanistically related to skeletal muscle insulin resistance in humans as previously discussed (7).
In conclusion, the data show that IMTG might mainly accumulate as a consequence of higher adiposity, whereas markers of intramyocellular lipotoxicity (DAG and ceramides) are determined within the skeletal muscle. The data show that intramyocellular DAG is a significant determinant of insulin resistance in sedentary humans and that its levels are in large part determined by the activity of lipolytic enzymes within the skeletal muscle independently of adiposity. The next step should focus on mechanistic studies to investigate the functional relationship between skeletal muscle lipolysis, intramyocellular lipotoxicity, and insulin resistance. It will also be important to determine whether primary defects in skeletal muscle lipolysis can cause insulin resistance.
